Cannulation is necessary when blood is removed from the body, for example in hemodialysis, cardiopulmonary bypass, blood oxygenators, and ventricular assist devices. Artificial blood contacting surfaces are prone to thrombosis, especially in the presence of stagnant or recirculating flow. In this work, computational fluid dynamics was used to investigate the blood flow fields in three clinically available cannulae (Medtronic DLP 12, 16, and 24 F), used as drainage for pediatric circulatory support and to calculate parameters that may be indicative of thrombosis potential. The results show that using the 24 F cannula below flow rates of about 0.75 L/min produces hemodynamic conditions, which may increase the risk of blood clotting within the cannula. No reasons are indicated for not using the 12 or 16 F cannulae with flow rates between 0.25 and 3.0 L/min.
Cardiovascular disease is the leading cause of mortality globally 1 and among the various forms, heart failure (HF) affects 5.7 million patients in the United States. 2 The fatality rate for HF is high, with one in five people dying within 1 year. 2 Thousands of HF patients would benefit from a heart transplant, however, only approximately 2,300 donor hearts become available each year 3 resulting in only about 6% of the estimated 35,000 4 US patients who would benefit from a heart actually receiving a transplant. To address the need to support the circulation in patients with end-stage HF, a wide variety of ventricular assist devices (VADs) has been developed over the past four decades.
Almost all VADs require a cannula to take blood from the ventricle to the device. [5] [6] [7] An exception is the Jarvik Heart, which is located within the ventricle alleviating the need for an inflow cannula. 8 Different VADs require different connections and cannula uses. In one example of left ventricular assist device (LVAD) support, the inflow cannula is inserted into the apex of the left ventricle (LV) and an outflow cannula is required to feed blood from the VAD to the aorta. A wide range of inflow cannulae exists, varying in geometric design, size, and materials. 9 The tips of some cannulae are rounded with several inlet holes, 10 or conical basket shaped, 11 whereas others are straight tubes, "beak" shaped, 12 or four pronged.
The cannula bodies may be flexible, possibly made from wire reinforced tubing, or rigid with an angle, possibly made from titanium.
The cannula is the junction between the native heart and the artificial organ and, as such, is a problematic area. In a retrospective analysis of 141 preclinical animal experiments, 13 performed with a range of devices and at various stages of the development process, adverse events related to the cannula made up the largest fraction, 56%, of the total number of adverse events. Despite this large number of problems, there are far fewer studies of cannula design or testing in the literature than studies of VAD design and testing. 13 The cannula may suffer from several different types of problems including kinks, suction leading to obstruction, and thrombosis. There are a number of reports of thrombus being formed in the LV, 14 which can block the cannula and obstruct flow to the pump, 15 either temporarily 16 or completely. A serious consequence of thrombosis is the formation of emboli and microemboli in the heart, or artificial organ, which may spread to the brain leading to potentially fatal transitory ischemic attacks, reversible ischemic neurologic deficits, strokes, and intracranial bleeding. 17 Although the origins of these emboli may be in the device, or elsewhere in the artificial system, some evidence indicates that they are formed either in the ventricle or in the cannula (Figure 1) . In patients implanted with the INCOR LVAD significant levels of cerebrovascular thromboembolic events occurred and from the nature of the alarms which sounded, the emboli responsible were thought to originate inside the native ventricle, rather than in the pump itself. 17 Hemostasis and blood coagulation have, for a long time, been known to involve three aspects: the nature of the surface, the condition of the blood, and the local flow conditions. The local flow conditions influence blood clotting with the presence of stagnant, slow or recirculating flows, and low shear stresses, 18 increasing the thrombogenicity. Additionally, platelet activation is related to high shear stresses 19 and platelet adhesion requires transport of platelets from the bulk flow to the surface and is therefore associated with regions of disturbed flow. 20 In the past, cannulae have been studied experimentally to determine pressure drops and hemodynamic energy 21 and in vivo to investigate biocompatibility and blood damage. 12, 13 There have also been several numerical studies: parameterized models have been used to investigate the influence of side holes on peak shear rates and flow distribution 22, 23 ; models of specific hemodialysis cannulae have been used to validate hemolysis calculations 24 and study flow fields in a more complicated cannula design 25 ; a study on a new design for a cardiopulmonary bypass cannula predicted higher flow rates and exit velocities compared with a control cannula 26 ; and, in a new design for an artificial lung access cannula, 27 the influence of the novel geometry on shear stress distribution and hemolysis production was assessed. 28 The above studies are focused mainly on hemolysis, or hemolysis potential, and thus report either calculations of hemolysis index, or maximum shear rates and locations. Despite the obvious clinical significance, 29, 30 there do not appear to have been any numerical studies of clotting, or thrombosis potential, in LVAD cannulae. Therefore, because thrombosis in blood-wetted devices depends on the presence of stagnant, recirculating flow, and low shear stresses, the aim of this work was to numerically investigate the flow fields in cannulae of varying sizes, and at varying flow rates, and calculate parameters related to clotting potential, and thus determine the range of flow rates in which the cannulae can be used with only a low thrombosis potential.
Methods

Geometry
The circumference of the LV cavity was manually segmented from a set of magnetic resonance images (MRI) of a healthy heart. The segmented contours were imported into the CAD software SolidWorks (SolidWorks Corp. Concord, MA) and the volume of the LV was reconstructed.
The geometries of the commercially available Medtronic DLP 12 F, 16 F, and 24 F cannulae, which are being considered for use with pediatric VADs, were obtained from their computer-aided design (CAD) files. Sizes of medical cannulae are measured in units of French (F), where the F value is three times the external diameter of the cannula. A schematic diagram of the cannulae is shown in Figure 2 and dimensions for the three cannulae are given in Table 1 . The length of the cannula was extended so that the positioning of the constant pressure outlet boundary condition would not affect the solution. This extension was 100 D 3 for 12 F, 40 D 3 for 16 F, and 20 D 3 for 24 F cannula, where D 3 is the diameter at the outlet.
Meshing
Gambit 2.4.6 (Ansys, Canonsburg, PA) was used to mesh the fluid volume in the combined LV and cannula geometry. The cannula was inserted half way into the LV (3 cm from cannula tip to LV apex). Boundary layers and size functions were used to increase the mesh density in areas where the velocity gradients were expected to be large. The regions within and around the cannula tip were meshed with tetrahedral elements, and size functions were implemented so the density was highest around the central cannula hole. The remaining cannula sections were meshed using structured hexahedral elements with a boundary layer of growing cells attached to the wall. Important mesh parameters are given in Table 2 . These mesh sizes were chosen based on a mesh refinement study on the 16 F cannula with a flow rate of 1.0 L/min. Three meshes were used in this refinement study: coarse, medium, and fine. Based on the results of this study, the fine mesh was chosen and the parameters for this mesh are given in Table 2 . The sizes of the cells in the medium (1.51 M cells) and coarse (0.39 M cells) meshes were 1.5 and 1.5 2 times these values, respectively, to give a mesh refinement ratio of 1.5.
Calculations
The finite volume CFD software Fluent 6.3.26 (Ansys) was used to calculate flow through the combined LV-cannula geometries. Flow rates between 0.25 and 3 L/min were used (0.25, 0.50, 0.75, 1.00, 2.00, and 3.00 L/min). A constant uniform velocity was assumed at the entrance to the LV and the pressure at the cannula outlet was set to 0 Pa. The velocity was set to 0 at the wall (no slip conditions). Discretization was second order. The SIMPLE scheme for pressure-velocity coupling was used, except in the 12-F cannula calculations, which converged more easily using the coupled solver. The coupled solver is more robust because it solves the momentum and pressure equations together. Blood was assumed to be a Newtonian fluid with a density of 1,050 kg/m 3 and a viscosity of 0.0039 kg/m⅐s and the impact of the Newtonian assumption is discussed later. The Reynolds numbers (Re ϭ pD 2 /, calculated based on the mean velocity in the main section of the cannula) were between 217 and 2,600. Therefore the higher flow rates are likely to involve transitional turbulence. However, because the accuracy of turbulence modeling for transitional flow is dubious, a laminar model was used for all calculations. Convergence was assessed using scaled residuals Table 1 . and calculations were considered converged when all four (continuity and three velocity components) scaled residuals were below 1 ϫ 10 Ϫ4 .
Results
Meshing
Mesh convergence was assessed in the 16-F cannula, with a flow rate of 1 L/min, according to the quantification of uncertainty principles outlined by Roache. 31, 32 The order of the convergence was calculated as
where P coarse , P medium , P fine are the pressure drops across the cannula using the coarse, medium, and fine meshes, respectively, and r is the mesh refinement ratio (1.5). p was 2.6, showing that the solution was at least second order. The following ordered error estimates, based on the speed, c, were used to calculate the mean percentage errors for each mesh (Figure 3) :
The fine mesh was chosen because the mean error of 5% was within acceptable limits.
Validation
The pressure drop across the cannula was compared with experimentally measured pressure drops for each cannula (Figure 4) . The mean percentage error in the calculated pressure drops, when compared to the experimentally measured pressure drops, was 7%. The largest contributions to this difference come from the discretization error and experimental uncertainty.
Stagnated Flow
An overview of the regions with flow stagnation was obtained by finding the total volume, within the combined LVcannula flow domain, but excluding the extended outlet length, in which the velocity magnitude was Ͻ1 mm/s ( Figure  5A ). As expected, the stagnant volume increased as the flow rate decreased, with a rapid increase below about 0.75 L/min. Unexpectedly, the overall stagnant volume increased as the size of the cannula decreased. Plots of the velocity magnitude show that this was because the stagnation volume was dominated by stagnant flow within the LV (Figure 6 ). Because the cannulae were all positioned such that the tip was inserted the same distance into the LV, this resulted in a decrease in the distance of the most distal end of the side holes from the LV apex. This had the effect of creating a stagnant region at the apex of the LV with the smaller cannulae. These stagnant regions show the importance of cannula positioning and are in agreement with anecdotal evidence that positioning cannulae too deeply can result in blood clotting in the VAD. 33 Examining the flow field within the cannulae only, showed that the largest cannula (24 F) had the largest stagnant flow volumes ( Figure 5B ) and a rapid increase in stagnant flow within the cannula occurred when the flow rate was below 0.75 L/min. This increase in the stagnant flow volume was mainly because of slow flow in the cannula tip, just downstream of the central hole, with some contribution from slow flow in the diffuser part of the cannula at the downstream end. There was negligible stagnant flow in the 16 F cannula at 2.00 L/min. Below 2.00 L/min, the stagnant flow volume in the 16 F cannula increased gradually as the flow rate decreased. Stagnant flow volumes were similar for the 12 and 16 F cannulae. This is because there is little stagnant flow in either cannula, first, and, second, because of recirculation zones and Figure 6 ) had a similar volume to stagnant flow volumes in the diffuser section of the 12 F cannula. The 12 F cannula has a larger ratio of outlet to main section diameters (Table 1) , which increases recirculation.
Low Shear Rates
In their study of clot deposition in a pulsatile blood pump, Hochareon et al. 18 found an area of clot formation in a region of the pump chamber in which the wall shear rate did not exceed 250/s. In this work, the volume of blood in which the magnitude of the shear rate tensor was Ͻ250/s is used as an indication of thrombosis potential. The volume with shear rate below 250/s was found to increase as the flow rate decreased ( Figure 7A ). This increase was most prominent for the 24 F cannula; in the 12 and 16 F cannula, there was only a signif-icant increase in the low shear rate volume below 0.5 L/min. There is little difference in the volumes for 12 and 16 F cannulae. With the 12 F cannula, the LV has a larger volume, therefore any reduction in the low shear rate volume within the cannula is compensated by an increase in the low shear rate volume outside the cannula (Figure 8) . 
Recirculating Flow
At low flow rates, flow remained attached at the cannula walls; however, as the flow rate was increased, small recirculation regions developed downstream of the central hole (Figure 9) . At a flow rate of 1.00 L/min, recirculation regions were clearly visible in the 12 and 16 F cannulae, whereas similar regions only appeared in the 24 F cannula at the 3.00 L/min flow rate (the associated separation can be seen in Figure 8) .
To compare the amount of recirculation at different flow rates, the volume in which the x-component of the velocity (v ϫ ) was negative was used as an indicator of recirculation (not shown). In the 24 F cannula, the total volume with a negative v ϫ increased with flow rate from 2.4 cm 3 at 0.25 L/min to 3.1 cm 3 at 1.00 L/min.
High Shear Rates
Although low shear rates are associated with platelet adhesion and blood clotting, higher shear rates are associated with platelet activation, and even with hemolysis. Hemolysis requires shear stresses of at least 150 Pa, 34 which corresponds to a shear rate of 38,462/s in this study with a viscosity of 3.9 cP. Platelets are activated at much lower shear stresses of about 10 Pa 34 or shear rates above 2,564/s. Small volumes (Ͻ1 mm 3 ) with shear rates Ͼ38,462/s were found in the 12 F cannula with flow rates above 0.75 L/min, and in the 16 F cannula above 2.00 L/min. Volumes with shear rates Ͼ2 564/s were found in all three cannulae at high enough flow rates ( Figure 7B) . However, this analysis does not take account of the exposure time, which is likely to be below the time required for both platelet activation and hemolysis.
Discussion
The flow fields in three different LVAD drainage cannulae were calculated using CFD and parameters associated with thrombosis were investigated. Calculations of the pressure drop were in good agreement with experimental values and the mesh convergence study gave discretization errors of around 5%, showing that the calculations are acceptable for the proposed analysis given the limitations which are outlined below. The low shear rate volume increased steadily as the flow rate was reduced in the 24 F cannula, however, there were only small increases in the volumes in the 12 and 16 F cannulae. The stagnant flow volume also increased as the flow rate decreased, with a particularly rapid increase in the 24 F cannula below 0.75 L/min.
Although comparison with clinical results is beyond the scope of this article, it is interesting to notice the comparison with the clot shown in 
Limitations
For comparison with the experimental pressure drop validation results, this study assumed a Newtonian viscosity for blood, which is only valid if the shear rates are above 100/s. In reality, blood is a shear thinning fluid with a viscosity that can be described with, for example, a modified Casson 35,36 type model. In considering thrombosis, the shear rates are necessarily low so the Newtonian assumption may have limited validity. To assess the range of the validity, the simulations were repeated in the 24 F cannula using the non-Newtonian viscosity, :
where 0 is the yield stress taken to be 0.005 Pa, is the magnitude of the shear rate, and C is the Casson viscosity, taken to be the high shear limit, 3.5 cP. This gives a viscosity of 0.0039 kg/m⅐s at 461/s. The stagnant flow volumes were found to be slightly larger with the non-Newtonian fluid (Figure 5B) , particularly at the lowest flow rate of 0.25 L/min where the difference was 26%. The reason for this is that the shear rate is different near the different cannula holes, with the lowest shear rate near the central hole and the highest near the second set of side holes. Then, when the shear thinning blood model was introduced, the viscosity was higher in the vicinity of the central hole compared with the side holes. This increased the resistance to flow though the central hole, shifting the balance of flow to the side holes, and resulting in slower flow in the cannula tip.
Other limitations in this study include the pulsatility of the blood flow and the motion of the heart. Even with a continuous flow VAD, the heart is still pumping to some extent, and the motion of the LV walls will significantly influence the flow field in the LV. The stagnant flow and low shear rate volumes in the LV are likely to be reduced by the motion of the heart. The pulsatility of the flow will affect the flow fields within the cannulae; in particular, the amount of flow recirculation is likely to be increased as vortices are generated during the flow deceleration phase and this may reduce the stagnant and low shear volumes. The positioning of the smaller cannulae created stagnant flow at the apex, and this observation may warrant further study into the effect of insertion depth on thrombosis potential. There is limited experimental data on the conditions required for blood to clot, the thresholds for "stagnant flow" and "low shear" may be refined as more data become available. 
Conclusion
Despite limitations, this study is a useful comparison of the fluid dynamic characteristics of commercially available cannulae under controlled conditions, which reveals significant differences in the thrombolytic properties of the flow fields generated within the cannulae. In the future, more sophisticated models of ventricle-cannula flow and thrombosis potential may be used to refine surgical technique and develop improved cannulae.
